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ABSTRACT: Layer-by-layer self-assembled TiO, hierarchical nanosheets with exposed {001}
facets have been successfully fabricated via a simple one-step solvothermal reaction. The
anatase TiO, layer-by-layer hierarchical nanosheets (TiO, LHNs) exhibit favorable light
scattering effect and large surface area, owing to their layer-by-layer hierarchical structure.
When applied to the dye-sensitized solar cells (DSSCs), the layer-by-layer hierarchical
structure with exposed {001} facet could effectively enhance light harvesting and dye
adsorption, followed by increasing the photocurrent of DSSCs. As a result, the photoelectric
conversion efficiency (77) of 7.70% has been achieved for the DSSCs using TiO, LHNs as the y o o
bifunctional layer, indicating 21% improvement compared to the pure Degussa P25 (6.37%) as Voltage (V)
photoanode. Such enhancement can be mainly ascribed to the better light scattering capability

of TiO, LHNs, higher dye adsorption on TiO, LHN {001} facets, and longer lifetime of the injected electrons in TiO, LHNs
compared to P25, which are examined by UV—vis spectrophotometry and electrochemical impedance spectroscopy under the
same conditions. These remarkable properties of TiO, LHNs make it a promising candidate as a bifunctional scattering material
for DSSCs.

KEYWORDS: TiO, hierarchical nanosheets, exposed {001} facets, favorable light scattering effect, long lifetime,
dye-sensitized solar cells
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1. INTRODUCTION However, the introduction of larger size scattering particles
Since the groundbreaking report by O’Regan and Griitzel in often inevitably leads to a decrease of the surface area and the
1991, dye-sensitized solar cells (DSSCs) have been considered dye absorption, Whizf)h offsets the improvement of light
as a promising low-cost alternative to conventional Si-based harvesting efficiency.”™ In order to solve this problem, a
photovoltaic devices."? To date, a new milestone of power hierarchical mesoporous TiO, microsphere which consists of
conversion efficiency of more than 12% has been achieved the aggregation of small TiO, nanocrystallines was adopted as a
using a cobalt complex based redox mediator in conjunction new scatterer with double function.”' These hierarchical TiO,
with zinc porphyrin dye as sensitizer.” microspheres show an efficient scattering effect and maintain a

As an important component of DSSCs, various metal oxide high dye absorption ability at the same time. However, the
materials have been used as photoanode materials to develop synthesis of those hierarchical mesoporous microspheres

high performance DSSCs, such as TiO,, ZnO, SnO,, etc. ¥
Among them, mesoporous TiO, film exhibits the highest power
conversion efficiency in DSSCs. Various methods have been
used to synthesize nanostructured TiO,.°"'® Specifically, sol—
gel chemistry is a very fruitful routes to prepare TiO,
nanostructures for application in DSSCs.""'> Unfortunately,
as is well-known, the scattering efficiency of the TiO,
nanoparticle is so weak that a large part of the sunlight cannot
be absorbed by the sensitizer when it penetrates the films. In
order to achieve these objectives, much effort has been devoted

involves a time-consuming process.

At the same time, the anatase TiO, crystalline with an
exposed {001} surface can absorb more dye molecules, which is
supported by theoretical and experimental results.”>™® As a
consequence, this type of TiO, has superior application in the
photoanode of DSSCs. The incorporation of large size anatase
TiO, nanocrystalline with exposed (001) facets in the
photoanode can not only enhance the scattering effect but
also improve dye molecule absorption, both are beneficial to

to explore new methods to improve the light harvesting the sunlight capture and utilization.
efficiency.”>™"® In addition to exploiting a new efficient

sensitizer, it has been confirmed that introducing a scattering Received: February 28, 2014

layer into a photoanode is an eflicient approach to enhance Accepted: June 2, 2014
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light harvesting efficiency and power conversion efficiency. Published: June 2, 2014
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Here, we report a simple method to synthesize the
hierarchical layer-by-layer self-assembled TiO, nanosheets
with dominated {001} facets by a one-step hydrothemal
process. To the best of our knowledge, this is the first time to
apply this new type of anatase TiO, layer-by-layer hierarchical
nanosheets with dominant {001} facets (denoted as TiO,
LHNs) as the dual-functional scattering layer in DSSCs. It
has been confirmed that it possesses both excellent light
scattering properties and dye adsorption ability. When the
photoanode is based on the TiO, LHNs as the bifunctional
scattering top layer and commercial P25 nanocrystallines as the
bottom layer, a power conversion efficiency of 7.7% has been
achieved, which is about 21% higher than that of the
photoanode based on the commercial P25 (6.37%) under the
same conditions. A proposed schematic diagram for the
configuration of DSSCs assembled using TiO, LHNs as the
dual-functional scattering layer is shown in Scheme 1.

Scheme 1. DSSCs Photoanode Assembled Using TiO, LHNs
as the Bifunction Layer

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Anatase TiO, LHNs with exposed {001}
facets were prepared according to a previous report.”” In a typical
experiment, we mixed titanium tetrafluoride (0.20 g) in 80 mL of
benzyl alcohol until we obtained a homogeneous solution under
continuous magnetic stirring for about 4 h. Then, the mixed solution
was transferred to a Teflon-lined stainless steel autoclave of 100 mL
capacity and heated for 24 h at 160 °C. Finally, the white, crystalline
titania powder was collected by centrifugation, washed with ethanol,
and then dried in vacuum at 80 °C.

2.2. Fabrication of DSSCs. For preparation of the TiO, LHNs
paste, 0.9 g of the prepared TiO, LHNs powder was added to the
solution containing ethanol (4 mL), water (1 mL), and acetylacetone
(0.16 mL) and then stirred for 2—3 h. The TiO, P25 paste was
prepared by a ball-milling process. A doctor-blade method was used to
prepare photoelectrodes, followed by sintering at 500 °C for 30 min.
For dye adsorption, the TiO, photoanode was immersed in a 0.5 mM
N719 ethanol solution and heated at 60 °C for 12 h, then rinsed with
ethanol and dried. The liquid electrolyte was prepared by blending 1
M PMII(1-methyl-3-propyl imidazolium iodide), 0.04 M Lil, 0.03 M
I, 01 M GuSCN(guanidinium thiocyanate), 0.5 M TBP(4-tert-
butylpyridine) in acetonitrile and propylene carbonate (v/v = 1:1)
between them. The Pt counter electrode was prepared by depositing a
thin layer of Pt on FTO by magnetron sputtering.
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2.3. Characterization. X-ray diffraction (XRD) characterization
was performed on a D8 Focus diffractometer. Field emission scanning
electron microscopy, FE-SEM (Sirion FEG) was applied to study the
morphology and structure of the as-prepared samples. TEM and
HRTEM investigations were carried out using a JEOL 2010, equipped
with an energy dispersive X-ray analysis (EDX) system. The specific
surface area and pore size distribution of as-prepared samples were
investigated by Brunauer—Emmet—Teller (BET) nitrogen sorption—
desorption measurement (Quantachrome NOVA 4200e). To obtain
the dye loading amount adsorbed on different photoanodes, NaOH
aqueous solution (0.1 M) was used for desorption and UV—vis
spectrometer (Varian Carry S000) was used to measure the absorption
spectra. Diffuse reflection spectra of the films were observed on Carry
5000. The photocurrent—voltage characteristics of the cells were
recorded by applying external potential bias to the device under AM
1.5 simulated illumination (Newport, 91192) with a power density of
100 mW cm ™%, which was calibrated by a Si photodiode, and the active
area was controlled by a 0.25 cm® mask. Electrochemical impedance
spectroscopy (EIS) measurements were also performed on CHI 660C
with the frequency ranging from 100 kHz to 0.1 Hz under the open-
circuit voltage in the illumination.

3. RESULTS AND DISCUSSION

The typical X-ray diffraction (XRD) pattern of as-synthesized
TiO, LHNs was measured, as shown in Figure 1. All the sharp
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Figure 1. XRD pattern of the as-synthesized TiO, LHNs powder.

peaks are in good agreement with the standard data of anatase
TiO, (JCPDS card no. 21-1272), indicating that the sample is
highly crystalline and can be well assigned to the pure
tetragonal phase anatase structure without any impurity phase.

The morphology and structure of the as-obtained TiO,
LHNs was characterized by field-emission scanning electron
microscope (FE-SEM) and transmission electron microscope
(TEM) as shown in Figure 2. A top view of the TiO, LHNs in
FE-SEM (Figure 2a) reveals that they are rectangles with edge
lengths ranging from about 300 to 400 nm. Figure 2b shows the
tilted view of TiO, LHNs, which displays that the TiO,
nanosheets have a highly ordered arrangement with all the
nanosheets oriented parallel to each other. TEM image from
the side face of the TiO, LHNs confirmed that the well-defined
layer-by-layer structures and the thickness of an individual TiO,
nanosheet was only about 6 nm (Figure 2c). Figure 2d shows a
high-resolution TEM image recorded from Figure 2c, which
evidently showed that the lattice spacing parallel to the top and
bottom facets was ~0.24 nm, corresponding to the (001)
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Figure 2. (a) The top view and (b) tilted-view SEM images of the as-
synthesized TiO, LHNs; (c) TEM images of self-assembling anatase
TiO, LHNs; (d) HR-TEM images recorded around the edge of the
TiO, LHNs; (e) TEM image of an individual TiO, nanosheet; (f—g)
HR-TEM image and the corresponding SAED pattern recorded from
and (h) EDX analysis of the anatase TiO, LHNs.

planes of anatase TiO,. On the basis of the above results, the
percentage of exposed highly reactive (001) facets on the TiO,
LHNs was estimated to be over 90%. A top view of the
nanosheets in the TEM (Figure 2e) further confirmed that they
were rectangles with edge length range from about 300 to 400
nm. The high resolution TEM image in Figure 2f reveals that
two sets of lattices are oriented perpendicular to each other
with an equal interfringe spacing of 0.19 nm, agreeing well with
the spacing of the (200) and (020) lattice planes of anatase-
type TiO, LHNs. The selected area electron diffraction
(SAED) pattern (Figure 2g) reveals that the nanoplates are
crystalline with a diffraction pattern of single-crystal anatase
along the [001] zone axis, which is in agreement with the HR-
TEM image. Further energy-dispersive X-ray analysis (EDX)
results confirm the presence of both Ti and O elements in TiO,
LHNs (Figure 2h).
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The porous structure of the TiO, LHNs was further
investigated with the N2 adsorption/desorption analysis, as
shown in Figure 3a. The typical type IV isotherm with a H3
hysteresis loop is visible, indicating a mesoporous structure of
as-obtained TiO, LHNs.>® The special surface area obtained
from the isotherm is determined to be 78 m?/ g. The Barrett—
Joyner—Halenda (BJH) pore size distribution for TiO, LHNs is
depicted as an inset of Figure 3a. Evidently, the size of most of
the pores concentrate is about 28 nm, which is adequate for
better penetration of electrolyte in TiO, LHNs when used as a
bifunctional scattering layer in DSSCs.* Figure 3b shows the
UV—vis absorption spectrum of the dyes desorbed from the
two different photoanodes based on TiO, LHNs and P25,
respectively, and the calculated amount of the dye adsorbed at
the films is listed in Table 1. It can be seen that, an obvious
increase in the dye loading amount can be found in TiO, LHNs
film (1.87 X 1077 mol cm™2) compared to P25 (1.38 X 1077
mol cm™2), which is due to the high specific surface area of
TiO, LHNs, as well as the dominant {001} exposed facets. The
possible reflecting and scattering of sunlight in TiO, LHN
photoanodes is illustrated in Figure 3¢, which is favorable to the
adsorption of more light for dye molecule. Figure 3d shows the
diffuse reflection spectra of the TiO, LHNs and P2§
photoanodes without dye loading. Comparatively, TiO, LHN
photoanodes exhibit higher diffuse reflectance in the whole
wavelength range from 350 to 800 nm compared to P25. The
diffuse reflectance of the P25 film decreases rapidly as the
wavelength increases from 410 to 800 nm, due to the small
particle size.>> Whereas, TiO, LHN films keep quite high
reflectivity in the long wavelength regions, which indicates the
better light scattering property in the wavelength of visible light.
From the foregoing, the bifunctional TiO, LHN photoanodes
can not only greatly increase the dye loading rate, but also
dramatically improve the light scattering effect, and thus
significantly enhance the performance of DSSCs.

The photocurrent—voltage (J—V) characteristics of DSSCs
based on TiO, LHNs and P2S electrodes were characterized
using a mask with an aperture of 0.25 cm” at AM 1.5 irradiation
of 100 mW cm™ The typical J-V curves of TiO, LHNs and
P25 photoanodes are shown in Figure 4a and detailed
parameters of the devices are summarized in Table 1. The
DSSCs assembled with the TiO, LHNs electrode reveals an
open-circuit voltage (V,.) of 0.69 V, a short-current density
(J,o) of 15.62 mA cm™ and an overall conversion efficiency (77)
of 7.70%, whereas DSSCs based on P25 electrode presents a
V.. of 0.67 V, a J. of 13.08 mA cm™ and a 5 of 6.37%.
According to the previous analysis, the enhanced ], could be
attributed to the better dye loading rate and light scattering
effect owing to the large specific surface area, dominant {001}
facets and distinctive layer-by-layer structure. Besides, V. of
LHNs electrode (0.69 V) is higher than that of P25 (0.67 V),
which could be ascribed to the more compact dye molecule
absorbed on the {001} facets of LHNs. Densely absorbed and
aggregated dye molecules could inhibit tri-iodide ions reaching
the surface of TiO, LHNs due to steric hindrance, which would
greatly decrease the direct recombination of excited and
transferred dye electrons with tri-iodide ion.>" In consequence,
a 21% improvement in the overall conversion efficiency was
achieved by employing TiO, LHN photoanodes compared to
pure P25 photoanodes.

To deeply understand the dynamics of electron transport and
recombination properties in DSSCs, electrochemical impe-
dance spectroscopy (EIS) was further studied, and the results of
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Figure 3. (a) Nitrogen adsorption—desorption isotherm (the inset shows the pore size distributions calculated using the BJH method); (b) UV—vis
absorption spectra of the dyes desorbed from the TiO, LHNs and P25 films; (c) schematic illustration of the multiple reflecting and scattering of
light in the TiO, LHNs; and (d) diffuse-reflectance spectra of the films of TiO, LHNs and P25.

Table 1. Comparison of Open Circuit Voltage (V,.), Short-Circuit Photocurrent Density (J,.), Fill Factor (FF), Overall Photo-
Conversion Efficiency (#) along with the Amount of Adsorbed Dye N719 for the Photoanodes Composed of TiO, LHNs and
P25, Respectively

electrodes thickness Voe (V) Jie (mA cm™) FF PCE (%) adsorbed dye (X107 mol cm™2)
TiO, LHNs 13.5 pum 0.69 15.62 0.71 7.70 1.87

P25 13.3 um 0.67 13.08 0.72 6.37 1.38
18 literature, the smaller semicircle in the high-frequency region

indicates the electron transport resistance at the counter
electrode/electrolyte interface and the larger one represents
electron transport and recombination at the photoanode/
electrolyte interface.*”**> The internal impedances were
determined by fitting the experimental data with an equivalent
circuit containing a total series resistance (R;), charge-transfer
resistance at the Pt/electrolyte interface and at the TiO,/
electrolyte interface, respectively (Ry, R.,) and the corre-

-
(3}
1

-
N
1

Current Density (mA/cm?)
o

6- —=—TiO, LHNs sponding constant phase element (CPE, and CPE,) of the
—o—P25 device (inset of Figure Sa). The fitted data obtained from EIS

3. analysis are listed in Table 2. It can be noticed that the values of
R, and R, for both devices are similar, which is simply because

an identical Pt counter electrode was employed for these two

00 0 T 0'2 T 0'4 devices. However, the values of R, shown an obvious

difference, which is usually considered to be mainly determined
Voltage (V) by the charge recombination resistance, with partial contribu-
tion from transport resistance.>> As seen in Table 2, TiO,

Figure 4. J—V characteristics of the DSSCs with TiO, LHNs and P25 LHNs-based DSSCs show a higher value of Ry, (20.08 ©) than

photoanodes. that of P2S (17.39 Q), which implies that electron

recombination resistance is increased at the TiO,/electrolyte
two samples were shown in the Nyquist plots under the open- interface. As mentioned above, this result can be explained by
circuit condition (Figure Sa). In the EIS spectra, two the fact that TiO, LHNs process dominant {001} facets, and a
semicircles were observed in the high-frequency region (10°— densely aggregated dye molecules layer may be formed on the
10° Hz) and in the intermediate frequency region of 10°~1 Hz, surface of TiO, {001} facet, which could inhibit tri-iodide ions
respectively. In accordance with the EIS model reported in the from reaching the surface of TiO, LHNs and thereby increase
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Figure S. (a) Nyquist plots and (b) the corresponding bode plots of
the DSSCs based on TiO, LHNs and P25 photoanodes. The inset in
(a) displays the equivalent circuit model.

Table 2. EIS Parameters of the DSSCs Determined by
Fitting the Experimental Data to the Equivalent Circuit
Model

electrodes R Ry (Q Ry (Q)  fuu(Hz) 7 (ms)
TiO, HESs 859 631 20.08 3.09 SLS1
P25 9.09 543 17.39 549 28.99

the recombination resistance as well as the V. compared to
P25. Figure Sb displays the bode phase plots of EIS spectra,
containing two main frequency peaks corresponding to the
charge transfer process at different interfaces for both of the
two photoanodes. It is found that the maximum frequency peak
in the intermediate frequency regime, which is related to
electron transfer in the TiO, LHNs photoanode, is lower than
that of the P2S photoanode. The electron lifetime (z,) in the
DSSCs could be estimated from the following equation:

T, =1/2af__

As seen in Table 2, the characteristic frequencies (f,;) of the
maximum phase shift at the midfrequency peaks were 3.09 and
549 Hz for TiO, LHNs and P25 photoanodes, respectively.

The corresponding 7, for DSSCs with a TiO, LHN photoanode
was estimated to be 51.51 ms, which was up to 78% longer than
that of the P25 photoanodes (28.99 ms). It can be concluded
that the longer electron time implies a lower electron
recombination rate, which could slightly heighten the V. of
TiO, LHNs compared to P25.>* These factors are in favor of
achieving higher photoelectric conversion efficiency.

4. CONCLUSIONS

In summary, {001} facets exposed anatase TiO, nanosheets
based on layer-by-layer self-assembled hierarchical structure
have been successfully prepared by a simple one-step
hydrothermal reaction. Remarkably, the as-prepared TiO,
LHNs presented outstanding scattering ability and dye loading
amount performance due to the large surface area as well as the
dominant {001} facets. As a consequence, the DSSCs based on
these bifunctional TiO, LHNs layers exhibited a significant
improvement in the overall power conversion efficiency
(7.70%) compared to that of pure P25 photoanode (6.37%).
Furthermore, the dynamics studies of EIS revealed that TiO,
LHN photoanodes with dominant (001) facets possess a longer
electron lifetime and therefore lower electron recombination
rate compared with P2S photoanodes. This study should
provide distinct evidence for the superiority of these novel
{001} facet exposed TiO, LHN photoanodes for clean energy
applications.
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